A state of shock followed the acute reduction of cardiac output caused by injection of a necrotizing solution into the myocardium. Decrease in blood pressure, decrease in circulating plasma volume, increase in hematocrit readings and the effect of re-expansion of the plasma volume established the similarity of this state to other forms of shock. Pulmonary blood volume decreased concurrently with cardiac output and effective plasma volume.
A NALYSIS of the compensations that fjk follow acute cardiac failure in animals JL A . has, in the past, been carried out mostly after coronary artery ligation in dogs. Artery ligation requires thoracotomy and, because of an extensive collateral circulation, hemodynamic changes are often minor before fibrillation occurs. Other methods that involve circulating toxins or anesthetics leave in doubt whether the damage is primarily cardiac or vascular.
In the present study the cardiac output of anesthetized dogs, unoperated except for the exposure of an artery and vein, was suddenly reduced by injecting a necrotizing solution into the myocardium, the needle entering through an intercostal space. METHODS Cardiac output was determined by the dyedilution method, and the central or "pulmonary" blood volume calculated from Stewart's formula. Injections were made into an external jugular vein and samples collected from a carotid artery. Plasma was diluted with saline, and dye concentrations determined by comparison with a control plasma similarly diluted.
Plasma volumes were calculated from dye concentration values in samples collected at four, five and six minutes after injection, except in the case of animals with very low blood pressures when seven and eight minute samples were also collected. Extrapolation methods of calculating the plasma volume were not used in order to minimize the bias introduced by slow mixing.
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Received for publication Jan. 14, 1954. Hematocrits were determined by centrifuging blood at 3000 r.p.m. for 45 minutes and were not corrected for occluded plasma. The hematocrit reading determined before dye injection was used in the calculation of cardiac output. The average of readings from samples taken at the beginning and at the end of the collection period was used in calculating blood volumes.
Cell and plasma electrolytes were determined on samples separately collected under oil; a Perkin-Elmer flame photometer was used for sodium and potassium and a modification of the Volhard method for chlorides. 1 Plasma specific gravity was determined by the use of the copper sulfate standards of Phillips and others. 2 Dogs of either sex, weighing from 12 to IS.5 Kg., were given sodium pentobarbital 30 mg. per kilogram intravenously or intraperitoneally. Myocardial injections were carried out using the technic to be described in detail by Meyers in another paper. A lumbar puncture needle was passed into the heart and the needle advanced or withdrawn until blood was not aspirated. With the needle thus located in the myocardium, 0.5 ml. per kilogram of a 3 per cent suspension of zinc hydroxide was injected. Injections were made into the septum except in animals 5, 9, and 18.
Control animals were subjected to the same anesthesia and to bleeding of the same amount (45 to 60 ml.) and at the same intervals as the experimental animals.
RESULTS
Blood Pressure and Cardiac Output. Following the simulated infarct blood pressure and cardiac output fell. In most experiments dye injections and samplings were carried out at one and one-half and three hours after the myocardial damage, but mercury manometer tracings, and the measurements tabulated for the dextran treated animals showed that values for cardiac output and blood pressure 304
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CARD IOG UN IC SHOCK were lower before than at one and one-half hours. In most cases the minimal blood pressure was reached after 10 to 20 minutes. After some recovery, the blood pressure and cardiac output might then decrease when the myocardial injection had been large. Decrease in cardiac output was usually correlated with decrease in blood pressure, but animals 18, 20, 25, and 31 showed a continued fall in cardiac output at the three-hour determination even though the blood pressure was rising or constant. Total peripheral resistance increased during the period of shock and continued to rise even though blood pressure stabilized or recovered (animals 18, 20, and 25 are examples). Presumably it is, therefore, involved in the compensation for decreased cardiac output. Table 1 presents the data discussed in this and succeeding sections.
Circulating Plasma Volume. Very closely correlated with the decrease in cardiac output was a decrease in the circulating plasma volume ( fig. 1 ). The correlation of plasma volume with blood pressure was less exact and included disparate changes in two animals. The hematocrit readings rose as the plasma volume decreased, and the decrease in circulating cell volume was comparatively small. In the seven animals tabulated, the average of circulating plasma volumes decreased 14 ml. per kilogram in three hours, and total blood volume decreased 15 ml. per kilogram from an average control volume of 62 ml. per kilogram.
This loss or sequestration of plasma rich blood was not accompanied by changes in plasma specific gravity nor were there impressive changes in plasma and erythrocyte electrolytes. Table 2 presents the averages for the seven animals. Only the decrease in red-cell potassium is significant at the 5 per cent level.
While nothing in these data permits a decision as to whether plasma is lost from the vascular system or pooled in postarteriolar vessels, the latter alternative is more probable when studies of other forms of shock are considered 3 ' 4 and in view of the congestion seen in the intestines and liver of these dogs at autopsy.
Agress and others 5 have reported a blood volume decrease averaging 20 per cent during K. II. MKYKRS, J. C. SCHOOLAR AND It. It. OVIORMAX 307 the hypotension following embolization of the coronary circulation. Huggins and Smithy in relation to another problem, described a decrease in circulating blood volume in openchest dogs that had reduced cardiac outputs, and presented data suggesting that the decrease was due to pooling in the liver. Richards 7 has shown that in traumatic shock in man, as in our animals, the correlation between blood volume and cardiac output is closer than that between blood volume and mean blood pressure.
Correlation of Mean Circulation Time and
Cardiac Output. The correlation between cardiac output and the mean circulation time derived from the dye-dilution curve is shown in figure 2. This con-elation did not apply if the most rapid circulation time (peak of curve) was used. The relation is linear when the logarithm of the mean circulation time is plotted.
Pulmonary Blood Volume. The intrathoracic or pulmonary blood volume, that is, the volume of blood between the site of injection and the site of sampling, decreased as cardiac output and plasma volume were reduced. The relation between plasma volume and pulmonary blood volume was clearly linear. Figure 3 shows the direct relation of pulmonary blood volume to cardiac output. The broken line on the graph suggests that the regression is linear only after cardiac output has been reduced to a certain level, a relation proposed by Sjostrand 3 following studies of the changes in intrathoracic blood volume which followed changes in cardiac output induced by anesthesia in humans. It would also be predicted from the relation between cardiac output and mean circulation time ( fig.  2) that pulmonary blood volume would approach a limit as cardiac output increases. However, Hamilton and others, 9 using a different dye, related stroke volume to pulmonary blood volume in dogs over a wider range of cardiac outputs, and, when our data are combined with those derived from their figure 5, the resulting plot ( fig. 4) does not show the same ceiling on pulmonary blood volume. The interpretation of our results is not changed by considering cardiac output in place of stroke volume, but this may not be true over the wider range of heart rates fur- 
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CARDIOGKNIC SHOCK uished bj' the animals studied by Hamilton. De Wardener and others 10 ' u have also established the concurrent change in intrathoracic blood volume as cardiac output is altered by anesthesia or hemorrhage in humans. Regardless of the exact relation, it is clear that pulmonary blood volume does decrease at low values of cardiac output.
Since blood does not accumulate within the thorax in spite of a decrease in cardiac output to values as low as 19 and 24 ml. per kilogram per minute with blood pressures of 40 and 45 mm. Hg, acute pulmonary edema is not a direct consequence of left ventricular failure. The technic used in this study and in some of the work cited above would not detect an increase in the volume of a reservoir which does not mix with the rapidly circulating blood. The method used by Sjostrand and his associates, however, would measure such a change, being based on changes in the absolute amount of blood in the chest. Moreover, the lungs of the animals of this series were pale at autopsy and easily distinguished from the congested lungs of animals in which pulmonary edema was induced by the injection of stronger solutions.
Effect of Plasma Volume Re-expansion. Is the decrease in plasma volume a beneficial compensation as has been suggested for the similar state following myocardial infarction in humans, 1 -or is it a deleterious change further intensifying the cardiac failure? That the latter is the case is shown by the results of restoring plasma volume with dextran infusions.
Dextran, 22 to 25 ml. per kilogram, was infused into the femoral vein in six minutes, using a syringe and three-way valve. Two animals were treated soon after the myocardial damage, when blood pressure was near its minimum, and two received dextran three and one-half and seven hours after the necrotizing injection, the last animal being followed only by measurement of blood pressure and hematocrit.
Dextran was more effective in raising blood pressure in animals with very marked hypotension, approximately doubling it in shocked animals with pretreatment pressures of 5S and 48 mm. Hg. The effect in increasing cardiac output was even greater. The increase in plasma volume was approximately the amount calculated from the volume of the infusion when plasma volume was determined soon after the transfusion, but plasma volume had increased even more at 20 minutes and at one hour after dextran, suggesting that some of the pooled plasma had re-entered the actively circulating plasma volume. The hematocrit, of course, reflected hemodilution.
The tabulated data, and the measurements of blood pressure and hematocrit on one animal not tabulated, established that the improvement persisted for one to two hours.
Effect of Injection into the Right Ventricle.
Two animals received injections into the right ventricular wall. The magnitude and rate of the changes after the damage are similar to those in control animals. The changes described in the previous experimental group are, therefore, due to damage of the left ventricle and not to any systemic effect of the injected reagent. The minor hemodynamic changes after right ventricular damage are well known. 13 
DISCUSSION
It should be re-emphasized that the errors expected with the dye method of plasma volume estimation are in a direction opposite to the changes reported. Extrapolation methods were not used, so that values are probably incorrectly high, and Hopper and others 15 have shown that, in dogs with secondary shock, the dye method tends to give higher blood volume values than those derived with the carbon monoxide method.
The similarity of the findings in cardiogenic shock produced by myocardial damage to those of traumatic shock is impressive. Even though the cycle of changes is initiated by a decrease in cardiac output in the case of the simulated infarct, the sequence of changes reduces cardiac output more than could the initial damage alone, as is shown by the ability of the heart to increase its output in response to plasma re-expansion.
Applicability to clinical cardiogenic shock.
•of the concepts implied by this animal work is made difficult by the fact that many patients who suffer infarcts have pre-existing or simultaneously developing congestive failure with changes in extracellular fluid volume which are reflected in increased plasma volumes when measured by the Evans' blue dye method. Fishberg and others' 2 first suggested that a decreased plasma volume accompanies the shock of myocardial infarction, and a recent study, 16 which segregates patients according to the intensity of shock and the presence of congestive failure, demonstrates a decrease in plasma volume proportional to the degree of shock. Stead and Ebert 16 also demonstrated subnormal plasma volumes and significant increases in the hematocrit readings in patients with eardiogenic shock.
SUMMAHY
Myocardial damage was accomplished in unoperated dogs by the injection of zinc hydroxide suspension into the myocardium through a needle passed through an intercostal space. The acutely developing hypotensive state is similar to traumatic shock in that cardiac output and circulating plasma volume decrease pari passu, and the hematocrit rises. The decrease in plasma volume further lowered the output of the damaged heart since re-expansion of plasma volume with dextran increased blood pressure and cardiac output. Intrathoracic blood volume decreased as cardiac output and plasma volume decreased and a great decrease of left ventricular output did not lead to pulmonary edema.
